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Abstract19

Subsurface fluid-injection can induce microearthquakes whose rupture complexity20

and arrest mechanisms remain poorly understood, limiting our ability to assess the seis-21

mic hazard associated with geo-energy applications. We investigate how fault roughness22

modulates the response of fluid-pressurized faults using an ensemble of 1395 3D dynamic23

rupture simulations on self-similar rough faults, varying the maximum roughness wave-24

length, roughness amplitude, and dynamic friction. We show that rupture propagation25

and arrest are governed by a competition between the large-scale heterogeneity imposed26

by the pore-pressure gradient and the local shear and normal stress heterogeneity gen-27

erated by variations in fault geometry. Our results demonstrate that dynamic rupture28

complexity emerges already at the scale of Mw → 1 fluid-induced microearthquakes, with29

fault roughness promoting acceleration and deceleration phases and, in some cases, pulse-30

like rupture behavior. The maximum roughness wavelength controls rupture complex-31

ity by determining the e!ectiveness of asperities and barriers, thereby constraining rup-32

ture growth and maximum attainable magnitude. Simulated magnitudes are inherently33

bimodal, with fault roughness and friction dictate the critical transition from failed nu-34

cleations to self-arresting and runaway ruptures. Furthermore, smoother faults, charac-35

terized by lower roughness amplitudes, progressively build up higher loading conditions36

at the rupture front, favoring coherent ruptures exhibiting predominantly crack-like prop-37

agation. Fault roughness a!ects stress redistribution and produces spatial variations in38

the local energy balance driving rupture front propagation, evidenced by spatial vari-39

ations in cohesive zone size and rupture velocity. These findings indicate that reliable40

estimates of the maximum size of induced earthquakes must account for initial stress con-41

ditions as well as fault geometric complexity.42

Plain Language Summary43

Injecting fluids deep underground is a common practice for modern clean-energy44

resources, such as geothermal energy. However, this process can sometimes trigger earth-45

quakes. Scientists still do not fully understand how these small earthquakes grow, move,46

and eventually stop, which makes it di”cult to accurately predict the safety risks asso-47

ciated with these energy projects. In this study, we used advanced 3D computer simu-48

lations to look at how rough fault surface topography a!ects these fluid-triggered earth-49

quakes. We found that even very small earthquakes are highly complex. As an earth-50

quake moves along a rough fault, the roughness causes it to constantly accelerate and51

decelerate. The size of the largest bumps on a fault is especially important because the52

largest-scale geometric features can act as barriers, limiting how far the earthquake can53

spread and how large it can ultimately become. In contrast, smoother faults allow en-54

ergy to build up more steadily, leading to continuously propagating earthquakes. Ulti-55

mately, our findings show that to estimate how large an induced earthquake could get,56

we cannot just consider the underground fluid pressure injection. We must also account57

for the shape of the faults themselves. This knowledge is crucial for designing safer and58

more reliable underground energy technologies.59

1 Introduction60

Fault geometric heterogeneity, acting across multiple spatial scales, exerts a fun-61

damental control on earthquake rupture dynamics and the resulting radiated wavefields62

(Dunham et al., 2011; Shi & Day, 2013). At the macroscale, natural faults depart from63

planar geometries, displaying multi-scale structural complexity (Ben-Zion & Sammis, 2003).64

This geometric deviation spans from regional-scale segmentation and step-overs, down65

to sub-millimeter topographic roughness along the principal slip zone (Candela et al.,66

2012; Renard et al., 2013).67
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The essential e!ect of fault roughness is to induce local variations in fault stress,68

both during and between seismic events (Chester & Chester, 2000; Fang & Dunham, 2013).69

Specifically, local variations in both shear and normal stress are induced when resolv-70

ing the initial ambient stress field onto a non-planar fault surface. In addition, during71

dynamic slip, the mechanical forcing of rupture overriding topographic asperities causes72

localized clamping and unclamping. These stress heterogeneities can strongly influence73

rupture nucleation (Cattania & Segall, 2021), propagation and arrest, driving complex74

behaviors, such as the emergence of multiple slip pulses during rupture (Tal et al., 2018).75

By continuously accelerating and decelerating the rupture front during propagation, these76

variations can generate heterogeneous slip distributions (Dieterich & Smith, 2009; Bruhat77

et al., 2020), and can trigger transient burst to supershear rupture speeds (Bruhat et al.,78

2016). Such intermittent rupture behavior has been proposed as an important mecha-79

nism for generating high-frequency seismic radiation (Madariaga, 1977; Dunham et al.,80

2011; Shi & Day, 2013; Taufiqurrahman et al., 2022; Gallovič & Valentová, 2023).81

While these e!ects have been extensively investigated in the context of tectonic earth-82

quakes, their role in fluid-induced seismicity remains comparatively less studied (Maurer83

et al., 2020). Subsurface fluid injection can induce seismic events, as widely documented84

in di!erent tectonic settings and geo-resource exploitation activities (Ellsworth, 2013).85

As fluid injection/production operations expand to meet growing energy demands, quan-86

tifying the associated seismic hazard becomes increasingly critical, particularly for oil87

and gas production, CO2 sequestration, and enhanced geothermal systems (Candela et88

al., 2018; Moein et al., 2023). A key challenge is constraining the potential maximum89

magnitude of induced earthquakes (McGarr, 2014; Galis et al., 2017), which requires a90

better understanding of physical mechanisms governing fluid-induced ruptures. In this91

context, the role of fault roughness under both dry and fluid-pressurized conditions is92

of particular interest for the safe exploitation of geo-resources.93

Numerous studies leveraging observed data, laboratory experiments and numer-94

ical modeling have investigated fluid-induced earthquakes (Garagash & Germanovich,95

2012; Gischig, 2015; Cappa et al., 2019; Palgunadi et al., 2020; Ciardo & Rinaldi, 2022;96

Sáez & Lecampion, 2024). However, how large-scale, pore-pressure-induced stress gra-97

dients interact with roughness-induced local stress heterogeneities during 3D dynamic98

fluid-induced ruptures remains mostly unexplored. Existing laboratory experiments nev-99

ertheless highlight the importance of fault roughness and stress heterogeneity, demon-100

strating that both not only control the clustering of lab-quakes around localized asper-101

ities and their source characteristics (Wang et al., 2024), but also drive fabric evolution,102

thereby modifying the frictional strength and hydro-mechanical properties of granular103

materials (Scuderi et al., 2025). Consistent with these observations, Maurer et al. (2020)104

showed through 2D dynamic rupture simulations, for earthquake magnitude 3.5 ↑ Mw ↑105

4.6, that fault roughness can exert a primary control on rupture arrest, whereas pore-106

pressure becomes dominant only under specific conditions of low fluid over-pressure.107

Accurately characterizing micro-earthquakes’ mechanics is also becoming increas-108

ingly important for better understanding fundamental earthquake physics and constrain-109

ing scaling laws governing source parameters (e.g., Gabriel et al. (2024); Mosconi et al.110

(2025)). Fluid-induced seismicity in geothermal reservoirs and hydraulic stimulation op-111

erations o!ers the opportunity to study rupture processes under controlled conditions.112

Recent developments in underground research infrastructures have enabled in-situ large-113

scale induced-seismicity experiments (Kwiatek et al., 2018; Guglielmi et al., 2021; Ma114

et al., 2021; De Barros et al., 2023). These experiments provide high-quality multidis-115

ciplinary observations from dense on-fault monitoring systems, allowing detailed obser-116

vational investigations of microearthquakes (Meier et al., 2026).117

Yet, a comprehensive analysis of the influence of 3D fault geometric complexity on118

the dynamics of fluid-induced microearthquakes is lacking. Our study is further moti-119

vated by the need to understand how the intrinsic stress gradients imposed by pore-pressure120
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perturbations interact with local stress heterogeneity induced by fault topography, to121

dictate dynamic rupture front acceleration, deceleration and arrest. Whereas previous122

studies have shown that pore-pressure-induced stress gradients play a fundamental role123

in controlling dynamic rupture extent (Mosconi et al., 2025, 2026), it remains unclear124

how their influence compares with that of roughness-induced stress heterogeneity. In this125

study, we investigate how dynamic ruptures propagating on rough faults during microearthquakes126

under heterogeneous prestress conditions may either spontaneously arrest within the pres-127

surized region (“self-arresting”) or evolve into “runaway” ruptures that propagate be-128

yond the fluid-stimulated area. Understanding this transition is critical for estimating129

the maximum magnitude of induced earthquakes in EGS (Enhanced Geothermal Sys-130

tem) and CCS (Carbon Capture and Storage) operations, beyond predictions based solely131

on injected fluid volume.132

2 Methods133

2.1 Rough Fault Geometry and Computational Domain134

We adopt a reference 60↓50 m, 60→ dipping normal fault plane, to generate a set135

of rough faults by introducing 2D band-limited roughness as normal perturbations. Ob-136

servations of natural fault surfaces reveal roughness over a wide range of spatial scales137

(W. Power et al., 1987; Candela et al., 2009; Bistacchi et al., 2011). Over specific wave-138

length bands, fault topography is commonly described as a self-a”ne fractal surface, char-139

acterized by a Hurst exponent H that typically ranges between 0.6 and 0.8 (Candela et140

al., 2012). In the spectral domain, self-a”ne roughness is associated with a power-law141

decay of the power spectral density:142

P (k) ↔ k↑ω , (1)

where k is the wavenumber, ω = 2H + 1 in the 1D case. However, when considering143

the full range of observations, a value closer to H ↗ 1 better captures both large- and144

intermediate-scale roughness (Shi & Day, 2013). Accordingly, we adopt H = 1.145

The fault surface is modeled as a 2D band-limited fractal topography (implemen-146

tation details are provided in the Supplementary Material), with wavelengths in the range147

[εmin,εmax]. We fix εmin = 0.4 m in all simulations and vary εmax within {20, 25, 30, 35, 40} m148

to explore the e!ect of heterogeneity length scale. When εmax is smaller, geometric vari-149

ability is confined to relatively small spatial scales on the fault plane (Figure 1b), as εmax150

increases, progressively larger-scale geometric features are introduced.151

Another key parameter is the roughness amplitude-to-wavelength ratio, ϑ = hrms/L,152

where hrms is the root-mean-square amplitude of the roughness profile and L is the to-153

tal fault length in the down-dip direction. In natural faults, ϑ typically ranges between154

10↑3 and 10↑2 (W. L. Power & Tullis, 1991). To capture this variability, we consider ϑ =155

[0.004, 0.006, 0.008]. Increasing ϑ leads to a systematic amplification of roughness am-156

plitude, as illustrated in Figure 1b.157

We embed the fault in a homogeneous 3D elastic medium (Figure 1a), character-158

ized by compressional (vp) and shear (vs) wave velocities of 2612 m/s and 1513 m/s, re-159

spectively, and density ϖ = 2620 kg/m3, in a 250↓250↓250 m computational domain160

(details on the unstructured tetrahedral meshes and resolution are provided in the Sup-161

plementary Material).162

2.2 3D Dynamic Rupture163

We model the 3D dynamic rupture of fluid-induced micro-earthquakes on rough164

faults using SeisSol (Gabriel et al., 2025b), an e”cient open-source software package, op-165

timized for modern HPC infrastructures (e.g., Dorozhinskii & Bader, 2021). SeisSol im-166

plements the arbitrary high-order DERivative Discontinuous Galerkin (ADER-DG) scheme167
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Figure 1. 3D rough fault model geometry and initial stress conditions. a) Clipped

view of a representative unstructured mesh, showing the embedded rough fault, and the orien-

tation of the principal stresses. b) Fault topography for a 1D section along fault strike, colored

by roughness amplitude (ω). The upper panel shows the roughness for εmax = 20 m, while

the lower panel shows the εmax = 40 m profile. c) Normal stress for an 1D section along fault

strike (gray line) for εmax = 40 m and ω = 0.008 (background stress only). Cyan line shows

the imposed radial pore-pressure distribution (pf ), resulting from a coupled hydromechanical

simulation of constant flow-rate injection. d) Overall stress conditions for 1D fault along strike

section, for εmax = 40 m and ω = 0.008. The gray line shows the static strength ϑp, the black

line shows the initial shear stress ϑ0, and the blue, red and green lines the dynamic strength ϑr

for µd = 0.20, 0.19 and 0.17 respectively.

(Dumbser & Käser, 2006) to simultaneously solve for fault frictional failure and seismic168

wave propagation (Pelties et al., 2014; Upho! et al., 2017). SeisSol employs statically169

adaptive, unstructured tetrahedral meshes, enabling the representation of geometrically170

complex fault systems, including non-planar fault geometries embedded within 3D vol-171

umes.172

We adopt a linear slip-weakening constitutive law to describe the evolution of shear173

stress, ϱ , with slip, ς, at the rupture tip (Ida, 1972; Andrews, 1976). This constitutive174

law is characterized by three parameters: the critical slip distance, dc, and the static and175

dynamic friction coe”cients, µs and µd. We assume dc = 0.6 mm and µs = 0.58, same176

as Mosconi et al. (2026). To investigate the e!ect of the dynamic stress drop on rupture177

behavior, we consider three values of µd: 0.17, 0.19, and 0.20 according to Mosconi et178

al. (2025). Defining the residual shear stress as ϱr = µd(φn↘pf ), where φn is the nor-179

mal stress and pf is the pore-fluid pressure, the corresponding dynamic stress drop is180

given by #ϱd = ϱ0 ↘ ϱr, where ϱ0 denotes the initial shear stress.181
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The linear slip-weakening formulation has the advantage of prescribing the frac-182

ture energy Gc, i.e., the energy dissipated during rupture propagation, defined as:183

Gc =
1

2
(ϱp ↘ ϱr)dc. (2)

where ϱp is the peak shear stress.184

For each combination of µd, εmax, and ϑ, we generate 31 random realizations of185

fault roughness (using identical seeds across parameter sets), resulting in a total of 1395186

dynamic rupture simulations. A detailed list of all the explored parameters and initial187

conditions can be found in the Supplementary Material. Rupture nucleation is not mod-188

eled spontaneously. Instead, rupture is initiated by imposing localized overstress at the189

fault center, corresponding to the injection point, within a circular patch of 1 m radius190

(black dashed lines in Figure 1c–d; see Supplementary Material for details).191

2.3 Stress Conditions and Injection Scenario192

Resolving regional stress field onto the rough fault geometry naturally induces highly193

variable initial local tractions. To obtain a realistic representation of the stress state act-194

ing on the modeled fault, we adopt the background principal stress orientations and mag-195

nitudes constrained by the Bedretto Underground Laboratory for Geosciences and Geoen-196

ergies (BULGG) model (Bröker et al., 2024). The imposed stress regime corresponds to197

a normal-faulting setting, with Sh < SH < Sv, where Sh is the minimum horizontal198

stress (20 MPa), oriented perpendicular to the fault, SH is the maximum horizontal stress199

(25 MPa), oriented parallel to the fault, and Sv is the vertical stress (31 MPa). Under200

these conditions, for a planar fault and neglecting pore pressure (pf ), the resulting nor-201

mal stress is φplanar

n
= 22.7 MPa (positive in compression), while the initial shear stress202

is ϱplanar0 = 4.7 MPa.203

When a rough fault surface is considered, characterized by a zero-mean root-mean-204

square roughness (Dunham et al., 2011), both φn and ϱ0, perturbed by geometric irreg-205

ularities, fluctuate around mean values corresponding to those of the planar fault. Un-206

der dry conditions, Figure 1c shows the distribution of φn (prior to injection) along a207

1D along-strike section of the fault for εmax = 20 m and ϑ = 0.008. Long-wavelength208

perturbations dominate the absolute magnitude of the stress variations (→ 2 MPa), whereas209

shorter-wavelength fluctuations introduce high-frequency traction oscillations, consistent210

with the power spectral density described by Equation 1.211

The fault is subsequently perturbed by a pore-pressure field obtained from coupled212

hydromechanical simulations of constant flow-rate injection (0.012 kg/s), which main-213

tain pf = 14.5 MPa at the injection point. These simulations are performed using the214

TOUGH3-FLAC3D framework (Rinaldi et al., 2022), and the resulting pore-pressure dis-215

tribution is then imposed as a static field in the dynamic rupture simulations, following216

(Mosconi et al., 2025). With the injection point located at the fault center, pore pres-217

sure decreases radially from a maximum value of 14.5 MPa toward the ambient pressure218

p0 = 3.8 MPa (Figure 1c). Further details on the injection protocol are provided in the219

Supplementary Material.220

Within the linear slip-weakening framework, thus the imposed pore-pressure field221

modifies the e!ective normal stress (φ↓
n
= φn↘pf ), both ϱp and ϱr also vary. As a re-222

sult, the large-scale pore-pressure gradient is superimposed on the smaller-scale stress223

heterogeneity generated by fault roughness, producing spatial variations in all ϱp, ϱr, and224

ϱ0 (Figure 1d).225

The relative prestress ratio R (Aochi & Madariaga, 2003):226
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R =
ϱ0 ↘ ϱr
ϱp ↘ ϱr

=
ϱ0 ↘ φ↓

n
µd

φ↓
n
(µs ↘ µd)

(3)

directly related to the strength excess S (Andrews, 1976; Viesca & Rice, 2012; Mosconi227

et al., 2025) by R = 1/(1+S), is a key nondimensional parameter quantifying the lo-228

cal stress state relative to the static and dynamic fault strength (Ulrich et al., 2019). As229

a consequence of fault roughness, R can vary significantly across the fault plane (Fig-230

ure 1d), allowing di!erent portions of the fault to locally approach distinct rupture regimes.231

2.4 Von Kármán Characterization of Rupture Heterogeneity232

To quantify the spatial organization of rupture heterogeneity, we analyze the rup-233

ture velocity fields obtained from the dynamic rupture simulations using a stochastic de-234

scription based on the von Kármán model. This model has been widely employed to char-235

acterize spatial heterogeneity in natural systems because it combines finite correlation236

lengths with self-a”ne scaling at short wavelengths (Holliger & Levander, 1992; Mai &237

Beroza, 2002). Following the framework of Mai and Beroza (2002), we characterize the238

spatial variability of rupture velocity through its power spectral density (PSD). Whereas239

the original formulation considers anisotropic spatial statistics with independent along-240

strike and down-dip correlation lengths, here we adopt an isotropic representation. The241

two-dimensional power spectral density is computed from the rupture velocity field and242

subsequently azimuthally averaged to obtain the isotropic one-dimensional spectrum P(k).243

The resulting spectrum is fitted using the isotropic von Kármán model,244

P (k) =
C

(1 + a2k2)H+1 , (4)

where k =
√
k2
x
+ k2

z
is the spatial wavenumber, C is a scaling constant, a is the245

characteristic correlation length, and H is the Hurst exponent controlling the spectral246

decay at high wavenumbers thus the contribution of short-wavelength heterogeneity.247

Prior to the spectral analysis, a spatial taper is applied to minimize edge e!ects.248

For self-arresting ruptures, the taper is applied outside the ruptured area, whereas for249

runaway ruptures it is applied only near the fault boundaries. In all cases, the prescribed250

nucleation region is excluded from the analysis to avoid the artificial rupture initiation.251

The parameters a and H are estimated by nonlinear least-squares regression performed252

in logarithmic spectral space. To retain only statistically reliable estimates, we discard253

fits for which the relative uncertainty of either fitted parameter exceeds 50%. This fil-254

tering primarily removes poorly constrained spectra associated with ruptures that ar-255

rest shortly after nucleation.256

3 Results257

3.1 Rupture Characteristics258

3.1.1 Role of the Roughness Wavelengths259

When investigating the e!ects of 3D fault geometric complexity, one of the key pa-260

rameters characterizing fault roughness is the wavelength of its spatial fluctuations. The261

range of wavelengths over which fault geometry varies also controls the length scales over262

which stress can vary along the fault (Romanet et al., 2020). To assess the role of ge-263

ometrical heterogeneity on rupture dynamics, we systematically vary the maximum rough-264

ness wavelength, εmax, thereby isolating the relative contribution of short- and long-wavelength265

fault geometry. We note that increasing εmax while holding ϑ constant does not simply266

append longer wavelengths; instead, it redistributes absolute geometric amplitudes across267
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the entire spectrum. Because the root-mean-square roughness height (hrms) of a frac-268

tal model is governed by the longest wavelengths, accommodating these large-scale to-269

pographic contributions without violating the fixed ϑ constraint necessitates a system-270

atic reduction in the absolute amplitudes of pre-existing shorter wavelengths.271

Figure 2 illustrates the e!ect of εmax on rupture dynamics through two represen-272

tative simulations with µd = 0.19 and ϑ = 0.008. Both models produce self-arresting273

ruptures, i.e., rupture that spontaneously arrest within the fault boundaries, with com-274

parable final rupture areas of → 1,360 and → 1,490 m2, for εmax = 20 and 40 m, re-275

spectively (Figure 2a-b). Despite their similar rupture extent, the two models exhibit276

markedly di!erent rupture-speed patterns. The εmax = 20 m simulation contains only277

localized regions of elevated rupture velocity, whereas the εmax = 40 m case develops278

broader high-vr patches, suggesting that larger-wavelength features may help stabiliz-279

ing the rupture within a high-velocity regime.280

To quantify di!erences in rupture characteristics, we compute rupture-area-weighted281

averages of slip, rupture velocity, and stress drop:282

ς =

∫
! ς dS

A
; vr =

∫
! vr dS

A
; #ϱd =

∫
! #ϱd dS

A
(5)

The two models exhibit comparable average slip and stress-drop values, with ς =283

3.3 and 3.7 mm for εmax = 20 and 40 m, respectively, and #ϱ = 2.5 MPa in both cases.284

In contrast, the model with εmax = 20 m shows a lower vr of 0.22vs compared with 0.38vs285

for εmax = 40 m.286

Further insight into these di!erences is obtained by characterizing the rupture ve-287

locity field using the von Kármán model (see Section 2.4). The power spectral density288

(PSD) analysis confirms that increasing εmax systematically increases the correlation length289

(ac) from 8.2 to 16 m (Figure 2c). This increase reflects the emergence of progressively290

larger coherent regions of rupture propagation and indicates that rupture-speed varia-291

tions become correlated over longer spatial scales. Moreover, as evident from Figure 2a–b,292

the amplitude of vr fluctuations di!ers between models, consistent with di!erences in293

the long-wavelength spectral intensity of the PSD (Figure 2c). Introducing longer wave-294

lengths in the fault geometry allows rupture speed to vary over broader spatial scales295

and suggests that an increasing fraction of the rupture speed is concentrated at long spa-296

tial wavelengths.297

The spatial dependence of rupture speed on εmax is also visible in Figure 2d–e, which298

show along-dip sections (mode II) representative of the main features of a dip-slip fault.299

For both εmax = 20 and 40 m, change in rupture speed (black line) broadly tracks the300

spatial variations of the R parameter (orange line) highlighting the strong control ex-301

erted by local stress conditions on rupture-front propagation. However, clear di!erences302

emerge in the spatial evolution of vr. For εmax = 20 m, short-wavelength variations of303

the R parameter control rapid and intermittent rupture-front acceleration and deceler-304

ation (Figure 2d), explaining the absence of large-scale spatial correlation (ac = 8.2 m)305

in the PSD of vr. High-to-low rupture-speed variations are coupled with local fluctua-306

tions in the slip-velocity field (Figure 2f), resulting in a non-axisymmetric and tempo-307

rally discontinuous rupture propagation. The peak slip rate exhibits pronounced spa-308

tial variability, as does the asymptotic slip velocity in the rupture tail. The resulting prop-309

agation alternates between pulse-like behavior, particularly during the arrest phase, and310

crack-like propagation near the injection point, where φ↓
n
is reduced. In contrast, the model311

with surface roughness limited to εmax = 40 m shows an R parameter varying over larger312

spatial scales, allowing rupture speed to fluctuate over longer wavelengths (Figure 2e).313

The higher spatial correlation length of vr (ac = 16 m) is associated with a smoother314

evolution of the slip-rate field ς̇ (Figure 2g), reflecting a more coherent rupture front able315

to accelerate over a large portion of the fault before undergoing an extended decelera-316

–8–



manuscript submitted to JGR-Solid Earth

Figure 2. Rupture behavior under di!erent maximum roughness wavelengths εmax

with µd = 0.19 and ω = 0.008. a-b) Rupture velocity distributions for 3D rough faults with

εmax = 20 and 40 m, respectively. c) Two-dimensional power spectral density (PSD) of the

rupture speed for models with roughness εmax = 20, 30, and 40 m. Vertical lines show the corre-

lation length. d-e). Along-dip profiles of rupture speed (black line) and relative prestress ratio R

(orange line) for models with roughness εmax = 20 and 40 m. The dashed red line represents R

for a planar fault. f-g) Spatio-temporal evolution of slip rate sampled at 0.005 s intervals, along

an along-dip fault profile for models with εmax = 20 and 40 m. These simulations correspond

with self-arresting ruptures.

tion phase. The evolution of ς̇ predominantly indicates crack-like propagation (Kostrov,317

1964).318

In addition to the local spatial heterogeneity introduced by the surface roughness,319

the spatial distribution of the R parameter is a!ected by the pore-pressure perturbations320

induced by fluid injection. Following eq. 3, R decreases spatially from the injection point321

toward the fault edges. In planar fault models, this imposed gradient leads to a progres-322

sive reduction of vr and ultimately to rupture arrest (Mosconi et al., 2025), producing323

self-arresting ruptures without invoking additional barriers or heterogeneity. When fault324

roughness is included, under the same frictional conditions (µd = 0.19), both εmax =325

20 and 40 m models exhibit an overall spatial decay of rupture speed, despite localized326

phases of acceleration and deceleration. This behavior remains characteristic of self-arresting327

rupture fronts, particularly in the case of εmax = 20 m.328
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3.1.2 Role of Roughness Amplitude329

In this section, we investigate how the roughness amplitude (ϑ) influences the dy-330

namics of fluid-induced ruptures. Increasing ϑ enhances the additional shear resistance331

generated by fault topography, commonly referred to as roughness drag, which acts to332

inhibit rupture propagation. For a two-dimensional rough fault, this additional resistance333

can be approximated as (Fang & Dunham, 2013):334

ϱ2D
drag

↗ 8↼ϑ2G↔ς

εmin

(6)

with, G↔ = G/(1 ↘ ↽) and G the shear modulus. Roughness drag scales with ϑ2 and335

the average fault slip, implying that rougher fault surfaces require higher ϱ0 to sustain336

ruptures of comparable size. Following Taufiqurrahman et al. (2022) we can use the ap-337

proximation ϱ3D
drag

= C ϱ2D
drag

, where C is a non-dimensional constant of → 0.4, to es-338

timate the roughness drag for a 3D rough fault geometry. For our models, ϱ3D
drag

= 0.46 MPa339

for ϑ = 0.008, whereas ϱ3D
drag

= 0.13 MPa for ϑ = 0.004. Consistent with this increase,340

doubling the roughness amplitude changes the rupture regime from a continuous rup-341

ture (A = 2684 m2) to a self-arresting rupture (A = 1033 m2) under otherwise iden-342

tical frictional (µd = 0.19) and stress conditions (Figure 3a-b). This behavior agrees343

with previous numerical studies highlighting the inhibiting e!ect of roughness drag on344

rupture propagation (Fang & Dunham, 2013; Bruhat et al., 2020; Maurer et al., 2020;345

Taufiqurrahman et al., 2022).346

The simulation with ϑ = 0.008, uses the same parameters as the εmax = 20 sim-347

ulation presented in Section 3.1.1, di!ering only in the realization of the rough fault sur-348

face. As expected, the rupture displays similar characteristics, including large-amplitude349

and intermittent acceleration and deceleration of the rupture front (Figure 3d), ultimately350

leading to a confined, self-arresting rupture. The slip-velocity field shows a pronounced351

unidirectional downwards pulse, with high peak slip rates and non-constant values in the352

rupture tail. Near rupture arrest, high slip velocities persist locally at the rupture front,353

while the center of the fault exhibits much smaller values.354

A lower ϑ value under the same intermediate dynamic friction (µd = 0.19) leads355

to a rupture that propagates across nearly the entire fault (Figure 3b). In this case, the356

smoother fault geometry leads to a more spatially coherent distribution of the R param-357

eter (orange line in Figure 3e), and rupture speed exhibits a less heterogeneous and more358

spatially smoothed pattern (Figure 3b–e). Accordingly, the slip velocity remains non-359

zero at the center of the crack, indicating predominantly crack-like propagation, and dis-360

plays lower peak values compared to the higher-roughness case (Figure 3g versus Fig-361

ure 3f).362

Using the more quantitative characterization of vr based on the von Kármán model,363

we further observe that increasing the roughness amplitude ϑ systematically elevates the364

spectral power of the rupture velocity across all wavenumbers (Figure 3c). In contrast,365

the correlation length ac varies only weakly with ϑ, showing at most a decrease for the366

rougher fault realization (vertical dashed lines in 3c).367

3.1.3 E!ect of Residual Friction368

During dynamic rupture propagation, the residual stress left behind the rupture369

front, equal to φ↓
n
µd for a linear slip-weakening law, controls the dynamic stress drop #ϱd370

(Barras et al., 2019). Within the framework of classical fracture mechanics (Freund, 1998),371

the crack-tip stress intensity factor, K0 → #ϱd
≃
L, where L is the crack length, gov-372

erns crack propagation. Consequently, understanding how #ϱd influences the rupture373

dynamics of fluid-induced earthquakes on rough faults is key to constraining their me-374

chanics, particularly how spatial heterogeneity in #ϱd a!ects rupture-front dynamics.375
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Figure 3. Rupture behavior under di!erent roughness amplitude ω with µd = 0.19

and εmax = 20 m. a-b) Rupture velocity distributions for 3D rough faults with ω = 0.008 and

0.004, respectively. c) Two-dimensional power spectral density (PSD) of the rupture speed for

models with roughness ω = 0.004, 0.006, and 0.008. Vertical lines show the correlation length.

d-e). Along-dip profiles of rupture speed (black line) and relative prestress ratio R (orange line)

for models with roughness ω = 0.008 and 0.004. The dashed red line represents R for a planar

fault. f-g) Spatio-temporal evolution of slip rate sampled at 0.005 s intervals, along an along-dip

fault profile for models with ω = 0.008 and 0.004.

In this section, we therefore investigate this e!ect by systematically varying µd to achieve376

di!erent values of #ϱd (Mosconi et al., 2025).377

A first-order e!ect of decreasing µd from 0.20 to 0.17 is to govern the transition378

from self-arresting to run-away ruptures (Figure 4a–b). This transition can be under-379

stood either in terms of the R parameter, whose absolute value increases, or through the380

fracture-mechanics crack-tip energy balance (Freund, 1998). Previous studies have shown381

that, for fluid-induced ruptures under the small-scale yielding approximation, Linear Elas-382

tic Fracture Mechanics (LEFM) can predict the final rupture size (Garagash & Germanovich,383

2012; Sáez & Lecampion, 2024; Galis et al., 2017; Ciardo & Rinaldi, 2022; Mosconi et384

al., 2025), capturing the transition from self-arresting to run-away behavior as µd de-385

creases.386

This transition is accompanied by a marked change in the spatial evolution of vr387

(Figure 4d–e). Self-arresting ruptures exhibit an acceleration near the nucleation patch388

(just outside the nucleation region), where R is larger, followed by a progressive spatial389
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decrease in vr as R decreases. As shown in Figure 4d for the mode II direction, the rup-390

ture tip, after repeated phases of acceleration and deceleration, ultimately arrests in a391

region where R is lower than the reference value for the planar fault (dashed orange line392

in Figure 4d). In contrast, the continuously propagating rupture (Figure 4e) shows the393

same initial acceleration in the reduced φ↓
n
region (injection point), but the rupture speed394

does not progressively decrease. When the rupture front encounters the same low-R re-395

gion that arrested the rupture in the µd = 0.20 case, it only undergoes a modest de-396

celeration. The higher available driving force allows the rupture front to overcome the397

barrier and propagate across the entire fault. Therefore, for reduced µd, neither the stress398

gradient nor the roughness-induced heterogeneity are su”cient to arrest the rupture.399

The contrasting vr distributions also reflect significant di!erences in the spatio-temporal400

evolution of slip velocity (Figure 4f–g), similarly to the behavior observed for the rough-401

ness parameters explored in Sections 3.1.1 and 3.1.2. For µd = 0.20, the propagation402

transitions to a predominantly pulse-like mode. This pulse-like nature, combined with403

a net deceleration phase, amplifies the front’s sensitivity to local roughness, inducing the404

observed high-frequency fluctuations in vr. In this case, local roughness-induced hetero-405

geneity strongly influence the evolution of the peak slip rate at the rupture front, which406

appears spatially fragmented and evolves independently on the opposite sides of the rup-407

ture (Figure 4f). Reducing µd to 0.17 leads, consistently with the behavior of vr, to higher408

peak slip rates (Figure 4g). However, the overall slip-rate evolution indicates that un-409

der a continuously propagating rupture front it predominantly follows a crack-like prop-410

agation mode. In this case, the slip rate in the crack tail remains nearly constant, allow-411

ing the entire rupture length to remain dynamically interacting, even though the peak412

slip rate at the rupture front continues to exhibit local variability.413

Analyzing the spatial autocorrelation of the vr fields shows a net increase in ac de-414

creasing µd values (Figure 4c). This observation could be related to the sensitivity of ac415

to the rupture dimension (Mai & Beroza, 2002); in fact, while A → 285 m2 for µd =416

0.20, it reaches A → 2347 m2 for µd = 0.17. Alternatively, this behavior may stem from417

the reduced sensitivity of the rupture front to roughness-induced heterogeneity in cases418

of a larger dynamic stress drop (e.g., lower µd). Furthermore, the PSD amplitude increases419

with decreasing µd, which is consistent not only with higher rupture velocities but also420

with larger rupture areas that contribute to higher spectral amplitudes at long wavelengths.421

3.2 Overall Statistical Properties422

3.2.1 Micro-earthquakes Magnitude423

The distribution of the final magnitude for our 3D dynamic rupture models of fluid-424

induced micro-earthquakes is shown in Figure 5. A first observation common to all ex-425

plored parameter sets, both in terms of roughness and frictional properties, is the dis-426

tinct bimodality of the Mw probability density functions (PDF), with the two peaks which427

correspond to two di!erent rupture behaviors.428

The first peak occurs at approximately Mw → ↘1 and represents ruptures that429

remain almost entirely confined within the overstressed region of the nucleation patch.430

These events therefore correspond to failed nucleation. To verify this physical mecha-431

nism, we can establish a theoretical baseline using the circular crack relation M0 = 16
7 #ϱdL3

432

(Eshelby, 1957). By setting L to the radius of the overstressed region and considering433

the imposed overstress at the nucleation point (Section 2.2), we estimate a magnitude434

of Mw → ↘1.2, consistent with the Mw → ↘1 observed. The spread observed in the435

PDF, for this first peak, arises because ruptures are not always strictly confined within436

the →1 m overstressed region; in some cases they decelerate beyond it (Galis et al., 2017),437

producing slightly larger rupture radii.438
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Figure 4. Rupture behavior under di!erent dynamic friction µd with εmax = 20 m

and ω = 0.008. a-b) Rupture velocity distributions for 3D rough faults with µd = 0.20 and

0.17, respectively. c) Two-dimensional power spectral density (PSD) of the rupture speed for

models with roughness µd = 0.20, 0.19 and 0.17. Vertical lines show the correlation length. d-e).

Along-dip profiles of rupture speed (black line) and relative prestress ratio R (orange line) for

models with roughness µd = 0.20 and 0.17. The dashed red line represents R for a planar fault.

f-g) Spatio-temporal evolution of slip rate sampled at 0.005 s intervals, along an along-dip fault

profile for models with µd = 0.20 and 0.17.

The second peak is instead showing the most probable rupture magnitude for events439

that achieve sustained dynamic propagation past the nucleation zone. The Mw of this440

second peak exhibits a systematic dependence on both the fault properties in terms of441

roughness and frictional parameters (Figure 5).442

Comparing the Mw PDFs for di!erent values of µd (0.20, 0.19, 0.17) shows that443

the maximum observed Mw progressively increases as µd decreases. This trend is con-444

sistent across all explored values of ϑ and εmax (Figure 5a–d–g, b–e–h, c–f–i). In addi-445

tion, the Mw PDFs for lower µd are depleted in intermediate Mw range separating the446

two primary peaks. However, the degree of flattening of the PDFs in the intermediate447

Mw range also depends on the roughness amplitude ϑ. For the higher residual friction448

(µd = 0.20) (Figure 5a–b–c), a relatively broad distribution of Mw is observed for all449

ϑ, with events spanning the range between the two primary peaks. This behavior changes450

for µd = 0.19, where intermediate-magnitude events are mainly observed for the largest451

ϑ, whereas for smaller ϑ values the distribution shows a clearer separation between failed452
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Figure 5. Distribution of moment magnitudes (Mw) of the simulated rupture mod-

els as a function of roughness and dynamic friction parameter. For each column, panels

from top to bottom correspond to roughness amplitudes ω = 0.004, 0.006, and 0.008, respectively.

Individual curves within each panel are color-coded by the maximum wavelength εmax. a-b-c)

Mw distributions for µd = 0.20. d-e-f) Mw distribution for µd = 0.19. g-h-i) Mw distribution for

µd = 0.17.

nucleation and fully developed instabilities (Figure 5d–e–f). This separation becomes even453

more pronounced for the lower friction value µd = 0.17. In this case, across all explored454

ϑ values, roughness amplitude does not significantly a!ect either the minimum or max-455

imum characteristic Mw. Instead, the distribution exhibits a clear dichotomy between456

the two rupture behaviors, with essentially no intermediate magnitudes observed.457

The maximum expected Mw exhibits a complex sensitivity to the maximum rough-458

ness wavelength εmax and amplitude ϑ. Under conditions where the Mw distribution is459

complex and not restricted to the two main peaks, increasing εmax generally increases460

the probability of larger fluid-induced earthquake magnitudes (e.g., Figure 5a–c). This461

trend remains valid until either the roughness amplitude decreases or µd is reduced, both462

of which tend to flatten the intermediate portion of the Mw distribution. For the largest463

magnitudes, it is noticeable that for low µd (0.19, 0.17) and low ϑ (0.004 and 0.006) the464

rupture size is largely insensitive to variations in εmax. In contrast, when µd = 0.19 for465

a large roughness amplitude (ϑ = 0.008), the maximum expected Mw increases with466

εmax (Figure 5f). At the same time, the maximum likelihood of the final fluid-induced467

earthquake size strongly depends on ϑ (Maurer et al., 2020). Dynamic perturbations in-468

troduced by fault roughness during rupture propagation generate an additional shear re-469

sistance to slip (ϱdrag, Equation 6). Therefore, for a fixed initial shear stress, increasing470

ϑ is expected to reduce the final rupture size. If instead the roughness parameters are471

fixed, the final Mw also depends on the imposed µd.472

3.2.2 Spatial Random Fields Parameters473

A quantitative approach to describe the complexity of rupture kinematics is to char-474

acterize the spatial random field properties of the rupture parameters using their 2D av-475
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eraged spectral content (Mai & Beroza, 2002). In this section, we analyze the rupture-476

speed (vr) maps obtained from all 3D dynamic rupture simulations of fluid-induced micro-477

earthquakes using the von Kármán model described in Section 2.4.478

A first clear observation is the e!ect of decreasing µd. As µd decreases, ruptures479

become larger and more prone to run-away behavior, with higher rupture speeds. Cru-480

cially, the rupture also experiences a broader range of absolute speeds. Correspondingly,481

the amplitude of the 2D averaged PSD increases as µd decreases (Figure 6a–d–g). In ad-482

dition, decreasing µd leads to an increase in the correlation length ac (Figure 6b–e–h).483

This e!ect may be controlled by the larger rupture dimensions associated with lower µd484

(as discussed in Section 3.1.3), or by a reduced influence of fault roughness when the dy-485

namic stress drop #ϱd is larger. Overall, these results indicate that decreasing µd tends486

to produce a less heterogeneous spatial distribution of vr. The Hurst exponent remains487

broadly stable near H → 0.5 for both µd = 0.20 and 0.19. For µd = 0.17, however, H488

decreases. This flatter high-wavenumber spectral slope indicates that short-wavelength489

heterogeneity becomes more pronounced relative to the long-wavelength background as490

dynamic friction drops (Figure 6c–f–i).491

Figure 6. Spatial random-field parameters of rupture front speed. a-c) Long-

wavelength spectral amplitude, correlation length (ac), and Hurst exponent (H), respectively,

for models with µd = 0.20. d-f) Same as (a-c) for µd = 0.19. g-i) Same as (a-c) for µd = 0.17.

All quantities are plotted as a function of εmax, with the marker shapes indicating the roughness

amplitude (ω). Solid lines shows the average value of each parameter for di!erent wavelengths.

The second important factor controlling the spatial evolution of vr is εmax. For all492

values of µd, increasing εmax generally leads to a larger amplitude of the vr PSD (with493

the exception of intermediate εmax for µd = 0.17), as shown in Figure 6a–d–g. Increas-494

ing εmax also results in larger correlation lengths ac, indicating that larger roughness wave-495

lengths promote larger-scale heterogeneity and a comparatively smoother spatial distri-496
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bution of vr. Within each class of µd, however, no clear dependence of the exponent H497

on εmax can be identified.498

Finally, we consider the e!ect of roughness amplitude ϑ on the spatial distribution499

of vr. For the higher friction case (µd = 0.20), the influence of ϑ on both the PSD am-500

plitude and ac is di”cult to generalize because of the large scatter in the results (Fig-501

ure 6a-b). In contrast, for µd = 0.19, ϑ correlates with both amplitude and ac: increas-502

ing roughness amplitude leads to larger perturbation amplitudes while simultaneously503

reducing the correlation length ac (Figure 6d-e). A similar trend in ac is also observed504

for the lower friction case µd = 0.17. These results suggest that increasing fault rough-505

ness amplitude leads to smaller characteristic spatial scales of heterogeneity in vr (Fig-506

ure 6h).507

The exponent H (Figure 6c–f–h) is also sensitive to the roughness amplitude for508

all µd. In particular, H appears to be anti-correlated with ϑ, indicating that increasing509

roughness amplitude enhances the contribution of short-wavelength components in the510

vr distribution. This observation is consistent with the findings of Bruhat et al. (2020),511

who reported a similar anti-correlation between H and ϑ in the slip distributions of 2D512

dynamic rupture models of large natural earthquakes.513

4 Discussion514

4.1 Heterogeneous Rupture Front Loads515

Assessing the maximum magnitude of fluid-induced earthquakes first requires un-516

derstanding the mechanisms controlling rupture arrest and the energy available to sus-517

tain rupture propagation.518

At large scales, induced earthquakes are characterized by a gradient in the e!ec-519

tive normal stress, φ↓
n
(Figure 1c-d). This gradient, superimposed on the natural stress520

heterogeneity produced by 3D fault geometric irregularities, can lead to an interplay be-521

tween these two factors (i.e., spatially variable e!ective normal stress and initial stress)522

in controlling rupture arrest. In our case, because rupture nucleates at the center of the523

pressurized patch, nucleation occurs in a region of relatively low fracture toughness Kc,524

which quantifies the fault’s resistance to crack propagation (Galis et al., 2017; Sáez &525

Lecampion, 2024). Expressed in terms of fracture energy, this corresponds to Gc = K2
c
/2µ.526

Moving away from the injection point, the spatial increase in φ↓
n
leads to a correspond-527

ing increase in Kc (red lines in Figure 7). The dominant control between these compet-528

ing factors depends on both fault roughness and frictional properties. To evaluate which529

of these competing e!ects controls rupture propagation, we compare the crack-tip load-530

ing with the local fracture resistance using the Irwin criterion. According to this crite-531

rion, rupture propagation occurs when the crack-tip static stress intensity factor (SIF),532

K0 reaches the fracture toughness, or critical stress intensity factor, Kc (details on the533

computation of K0 and Kc are provided in the Supplementary Material). Under the het-534

erogeneous rupture conditions considered here (Figure 2a-b, Figure 3a-b, Figure 4a-b),535

K0, Kc, and vr all vary spatially along the fault. To account for this variability, we com-536

pute these quantities along 1D half-crack, along-dip fault sections within an angular range537

of ±10→. The resulting variability is represented in Figure 7 by shaded areas indicating538

the 5th and 95th percentiles, while the solid lines denote the median values.539

The di!erent εmax values control the larger spatial scale over which fault rough-540

ness varies. For short wavelengths (εmax = 20 m), stress variations maintain a highly541

localized spatial character, producing relatively small local fluctuations in the load at542

the crack tip (Figure 7a), thus K0 → #ϱd
≃
L. For such short-wavelength heterogene-543

ity, the spatial growth of K0 with crack length is counterbalanced by the spatial increase544

of Kc. As a result, rupture propagation is primarily controlled by the gradient in φ↓
n
, which545

increases with distance from the injection point. This progressive increase in Kc leads546
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to rupture deceleration and eventual arrest (Figure 7a). In contrast, larger wavelengths547

(εmax = 40 m) imply longer spatial variations in #ϱd, producing extended portions of548

the rupture where the available load is reduced. In this case, the rupture front can ex-549

perience a more abrupt arrest rather than a gradual deceleration (Figure 7b). At the same550

time, large-scale variations in surface roughness can also generate extended fault regions551

with elevated vr (Figure 2e), corresponding to locally favorable conditions where K0 ⇐552

Kc (Figure 7b). The larger spatial extent of these heterogeneity promotes both stronger553

acceleration and deceleration phases. However, compared to short-wavelength variabil-554

ity, long-wavelength stress heterogeneity is more e!ective at arresting rupture due to its555

greater spatial extent along the fault, as the width of the barrier plays a critical role (Molina-556

Ormazabal et al., 2023).557

Figure 7. Fracture mechanics rupture tip analysis. a-b) For the model with µd = 0.19,

ω = 0.008, and εmax = 20 and 40 m, respectively, showing the static stress intensity factor

(black), fracture toughness (red), and rupture speed (blue) as a function of half-crack length

along a dip-section of the fault. c-d) Same as (a), for µd = 0.19, εmax = 20 m, and ω = 0.008

and 0.004, respectively. e-f) Same as (c), for εmax = 20 m, ω = 0.008, and µd = 0.20 and 0.17,

respectively. Shaded areas represent the 5th–95th percentiles, while solid lines denote median

values. Measurements are computed within a ±10→ window around the along-dip fault direction.

The presence of a rough fault surface inherently introduces heterogeneous loading558

conditions at the rupture front (Sun & Cattania, 2025). Fault surfaces characterized by559

di!erent roughness amplitudes ϑ produce perturbations of di!erent amplitudes in K0560
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(Figure 7c–d), where large roughness amplitudes (ϑ = 0.008) increase the local K0 lead-561

ing to higher vr and large spatial perturbations within the rupture area (Figure 6a–d–562

g). However, increasing ϑ also enlarges regions with low K0, which act as potential bar-563

riers and play an important role in rupture arrest and barrier e”ciency (Fryer et al., 2024).564

This e!ect is further illustrated by the rupture behavior for ϑ = 0.004. In this case,565

the smaller perturbations in K0 produce only limited variations in vr (Figure 7d). At566

locations where the model with ϑ = 0.008 exhibits an almost complete rupture arrest567

(Figure 7c), the rupture front for ϑ = 0.004 only slows down and continues propagat-568

ing. In the second case, rupture speed decreases progressively due to the spatial increase569

in Kc, but the rupture ultimately propagates across the entire fault plane.570

Increasing the roughness amplitude does not simply enhance rupture acceleration.571

Instead, it amplifies the stress heterogeneity at the rupture front, creating both extended572

regions highly favorable to rupture propagation and equally extensive regions that strongly573

inhibit it. Although the rupture may locally accelerate within favorable patches, its ul-574

timate survivability is governed by the unfavorable regions, characterized by low K0 and575

low R, which drive crack-tip deceleration and arrest. By contrast, smaller roughness am-576

plitudes generate a smoother stress, allowing the rupture front to propagate more steadily577

under the large-scale stress gradient imposed by φ↓
n
.578

A di!erent fault response emerges when varying µd, which directly controls the en-579

ergy balance at the rupture front. For higher µd (0.20), the rupture exhibits significant580

variability in vr, driven by local fluctuations in K0 (Figure 7e). In this case, rupture ar-581

rest occurs primarily because K0 < Kc ahead of L approximately 10 m. Although lo-582

cal peaks in vr are associated with local increases in K0, the overall growth of K0 ↔ L583

is counterbalanced by the spatial increase in Kc. As a result, rupture propagation is ul-584

timately inhibited by the gradient in e!ective normal stress induced by pore-pressure vari-585

ations. In contrast, decreasing µd to 0.17 produces an overall upward shift in K0 toward586

higher values. Despite a similar spatial growth of Kc, the higher absolute level of K0 al-587

lows the rupture front to propagate across the entire fault at relatively high rupture speeds.588

Even in regions where K0 < Kc, the rupture front only undergoes local deceleration589

rather than arrest, indicating that the rupture can overcome local barriers through in-590

ertial e!ects and sustain propagation (Albertini et al., 2021).591

We emphasize the limitations of the approach adopted to interpret the driving forces592

of fluid-induced micro-earthquakes on rough faults. Owing to the high degree of stress593

heterogeneity, rupture shapes generally deviate from circular geometries (which are only594

expected for ↽ = 0), instead developing elongated, elliptical shapes with a preferential595

extension in the Mode II direction. Moreover, heterogeneous fault conditions lead to highly596

irregular rupture growth, further deviating from the assumptions underlying classical lin-597

ear elastic fracture mechanics (LEFM). In addition, under such complex conditions, some598

ruptures exhibit pulse-like propagation, departing from the crack-like behavior typically599

resulting from LEFM. This requires modified approaches to properly evaluate the en-600

ergy flux at the crack tip (Nielsen & Madariaga, 2003). Despite these limitations, LEFM601

remains a powerful framework to describe the loading conditions at the rupture front and,602

to some extent, provides results consistent with dynamic rupture simulations on rough603

faults. This apparent agreement likely arises because, despite the complexity of the rup-604

ture process, the use of a linear slip-weakening law –representing a simplified descrip-605

tion of dynamic weakening (Cocco et al., 2023)– results in a well-defined fracture energy606

Gc (Brener & Bouchbinder, 2021; Kammer et al., 2024), even under strongly heteroge-607

neous conditions, and ensures that energy dissipation remains strongly localized at the608

rupture front.609
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4.2 Connecting Magnitude Distributions to Fracture Mechanics610

In Section 4.1, we discuss how the heterogeneous loading at the rupture front, in-611

duced by fault roughness, controls rupture dynamics. Here, we examine how these ef-612

fects translate into the statistical properties of the resulting micro-earthquake magni-613

tudes.614

We have shown that εmax controls the spatial scale of heterogeneity (Figure 2). Ac-615

cordingly, larger εmax promotes larger magnitudes when roughness-induced heterogene-616

ity is dynamically important (e.g large roughness amplitude ϑ) and K0 is comparable617

to Kc (high and intermediate µd). In these cases, the spatial organization of roughness,618

particularly its characteristic scale, directly influences rupture propagation. Larger εmax619

increases the spatial extent over which large #ϱd can develop, promoting larger Mw events.620

In contrast, for low ϑ, the influence of roughness is reduced. Local heterogeneity does621

not significantly perturb K0, and rupture propagation is primarily governed by the large-622

scale gradient in Kc (Figure 7d). As a result, variations in εmax have a limited impact623

on the maximum magnitude (Figure 5d–e). On the other hand, variations in ϑ system-624

atically a!ect the most probable magnitude for all combinations of εmax and µd. Con-625

sistent with previous studies on fault roughness (Fang & Dunham, 2013; Shi & Day, 2013;626

Bruhat et al., 2016; Maurer et al., 2020), we find that increasing ϑ leads to smaller rup-627

ture sizes, reflected in a decrease of the most probable Mw.628

A similar trend is observed when decreasing µd. As discussed earlier, lower µd in-629

creases the absolute value of K0, promoting a transition toward runaway rupture behav-630

ior. As the ratio K0/Kc increases, the magnitude distribution becomes simpler, with a631

progressive suppression of intermediate magnitudes between the two characteristic pop-632

ulations: failed nucleation events and fully developed ruptures (e.g., Figure 5b–e–h). A633

comparable narrowing of the magnitude spectrum can also arise from the e!ect of ϑ. When634

roughness amplitude is su”ciently large, it enhances the variability of rupture sizes, pro-635

vided that local variations in K0/Kc do not dominate rupture-front dynamics. In this636

regime, the interplay between heterogeneity amplitude and fracture mechanics controls637

the breadth of the observable magnitude distribution.638

4.3 Role of the Cohesive-zone Size639

The cohesive zone is a key feature of dynamic earthquake rupture, representing the640

finite region surrounding the rupture front where frictional weakening takes place and641

slip rates typically reach their highest values (details on cohesive-zone resolution are in642

the Supplementary Material). The evolution of the cohesive-zone size, $, therefore pro-643

vides additional insight into the complexity of fluid-induced micro-earthquakes and the644

processes controlling rupture propagation. Following (Day et al., 2005), we define $ as645

the portion of the rupture undergoing dynamic weakening. Under a linear slip-weakening646

constitutive law, this corresponds to the region extending from the first point that reaches647

the peak stress ϱp to the first point behind the rupture front where slip exceeds the crit-648

ical slip distance dc, and the stress has dropped to the residual level ϱr. More importantly,649

the cohesive-zone size is directly related to the energy budget and therefore reflects the650

local driving conditions of rupture propagation. Under heterogeneous stress conditions,651

spatial variations in $ provide valuable insight into the variability of the crack-driving652

force at the rupture tip. In classical fracture mechanics, $ is defined as653

$ = $0f
↑1(vr), with $0 = C

G↔dc
#ϱb

, (7)

where $0 is the static cohesive zone size, #ϱb = ϱp ↘ ϱr is the breakdown stress drop,654

f↑1(vr) is a universal dimensionless function of the rupture velocity that accounts for655

the Lorentz contraction of the cohesive zone as the rupture velocity approaches the Rayleigh656

wave speed cr (i.e., f↑1(vr) ⇒ 0 as vr ⇒ cr) (Freund, 1998) and C is a numerical pref-657

actor (Day et al., 2005; Viesca & Garagash, 2018). For a crack propagating under ho-658
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mogeneous stress conditions, the cohesive zone size decreases as $ ↔
√
1↘ (vr/cr)2,659

implying progressive acceleration of the rupture toward its limiting speed. In this frame-660

work, the theory predicts a decreasing size of the cohesive zone, ultimately tending to-661

ward a vanishing $ for an idealized crack. In contrast, rough faults exhibit strong spa-662

tial variability in both the peak strength ϱp and residual strength ϱr. As a result, the663

breakdown stress drop #ϱb also varies spatially, leading to local variations of associated664

stress intensity factors K0 and Kc. These variations modulate the local rupture veloc-665

ity vr and the cohesive-zone size $ evolves heterogeneously during rupture propagation666

(Figure 8).667

The evolution of $ strongly depends on the rupture regime. In particular, confined668

ruptures exhibit significantly larger spatial fluctuations in $ (Figure 8a–b) compared to669

runaway ruptures (Figure 8c). In the latter case, the progressive increase in rupture ve-670

locity vr leads to a systematic reduction of $, resulting in a more spatially coherent trend671

with only limited local variability.672

Figure 8. Cohesive zone evolution. a) Spatial distribution of the cohesive zone size ”

along a dip-section of the fault for the model with µd = 0.20, εmax = 20 m, and ω = 0.008. b)

Same as (a) but with µd = 0.19. c) Same as (a) but with µd = 0.17. In all panels, the colormap

represents the peak slip rate along the section. The y-axis is limited to 1 m to better illustrate

variations in cohesive-zone size; larger values are omitted.

The strongly heterogeneous rupture velocity, vr, and the prevalence of pulse-like673

ruptures observed in confined events are accompanied by pronounced spatial variabil-674

ity in $. Their predominantly pulse-like propagation (Figure 2-3-4f) is consistent with675

rupture propagation being controlled by local stress and strength heterogeneities with676

reduced contributions from dynamic stress interactions among slipping points behind the677

crack-tip. Consequently, local variations in the breakdown stress drop and crack-driving678

force produce alternating local expansions and contractions of the cohesive zone, accom-679

–20–



manuscript submitted to JGR-Solid Earth

panied by spatially confined acceleration or deceleration of the rupture. Sharp spatial680

variations in $ are associated with local variations in peak slip rate (Figure 8a–b), em-681

phasizing the role of the cohesive zone in describing rupture front dynamics. However,682

under favorable conditions (e.g., low µd), where K0 ⇐ Kc over a significant spatial ex-683

tent (Figure 7f), the rupture front propagates continuously and accelerates in a crack-684

like mode (Figure 4e). In this regime, $ undergoes an overall reduction, associated with685

a coherent increase in peak slip rate (Figure 8c).686

As expected from Equation 7, decreasing µd reduces $, as reflected by its decreas-687

ing spatial average (horizontal black lines in Figure 8). This implies that, for large µd,688

$ remains greater than the minimum roughness wavelength, εmin, whereas decreasing689

µd leads to comparable length scales, with $ ↗ 0.4 m and εmin = 0.4 m.690

Ruptures characterized by $ > εmin exhibit strong spatial variability in cohesive691

zone size and pronounced heterogeneity (i.e., low correlation length; Figure 6b–e) in their692

dynamic features (vr, peak slip rate, and pulse-like propagation). In contrast, when $ →693

εmin, a more coherent rupture behavior is generally observed (Figure 6h). Although shorter694

cohesive zones are expected to enhance sensitivity to smaller-scale heterogeneity (Barras695

et al., 2017), at first glance, the reduced variability associated with smaller $ may be696

explained in our study by the small amplitudes of roughness for short ε. Moreover, ac-697

cording to Equation 7, the parameters controlling the cohesive zone size also govern the698

energy balance at the rupture front, a!ecting both K0 and Kc. In our case, smaller val-699

ues of cohesive zone size (Figure 8c) result in a larger ratio K0/Kc (Figure 7e) because700

of decreasing µd yielding higher energy flow at the rupture front. These observations sup-701

port the interpretation that the interaction between the rupture front and fault rough-702

ness is controlled by the ratio K0/Kc. Specifically, a higher loading level at the rupture703

front (larger K0) reduces the relative influence of fault roughness. This is because larger704

K0 corresponds to greater stress drops, #ϱd, such that local variations in ϱ0 and ϱr pro-705

duce only minor perturbations to the ratio K0/Kc.706

Reducing µd to 0.17 yields exclusively run-away ruptures (Figure 5g–i). These rup-707

tures accelerate or propagate at nearly constant speed, with overall higher rupture ve-708

locities compared to self-arresting cases (Figure 4d-e), and exhibit a decrease in the Hurst709

index H of the vr PSD (Figure 4c), indicating an increased contribution of short-wavelength710

fluctuations in rupture velocity. This behavior is consistent with the reduction of $ ac-711

companying rupture acceleration: as $ decreases, the rupture front becomes increasingly712

sensitive to smaller-scale heterogeneities.713

5 Conclusions714

Small earthquakes are often assumed to exhibit relatively simple rupture kinemat-715

ics. However, increasing evidence suggests that rupture complexity also characterizes low-716

magnitude induced events (Wu et al., 2019; Király-Proag et al., 2019; Chen et al., 2026).717

Our 3D dynamic rupture simulations demonstrate that fluid-induced microearthquakes718

(Mw < 1) on rough faults can develop complex rupture kinematics despite their lim-719

ited rupture dimensions. By systematically varying fault roughness and frictional prop-720

erties, we identify two primary controls on rupture complexity and final rupture size. First,721

the fractal characteristics of fault roughness govern the spatial organization of stress het-722

erogeneity, thereby modulating rupture-front acceleration, deceleration, and arrest. In723

particular, increasing the maximum wavelength of fault roughness enlarges the spatial724

extent of both favorably and unfavorably stressed regions, promoting a more e!ective725

asperity-barrier system (Das & Aki, 1977) and increasing the maximum attainable rup-726

ture size. Second, rupture dynamics are controlled by the competition between roughness-727

induced resistance and the energy available to sustain rupture propagation, both mod-728

ulated by the spatial distribution of pore pressure. Larger roughness amplitudes and lower729

loading levels promote pulse-like, self-arresting ruptures, whereas smoother faults or higher730
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energy availability favor more coherent crack-like propagation with reduced rupture com-731

plexity.732

These results reveal that fluid-induced microearthquakes need not be kinematically733

simple. Instead, our simulations show that self-similar rough faults driven by physically734

realistic injection-induced overpressure gradients are su”cient to generate rupture com-735

plexity comparable to that observed in laboratory earthquakes (Pozzi et al., 2025) and736

in tectonic earthquakes spanning several orders of magnitude larger scales (Ye et al., 2018).737
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cvws/benchmark descriptions.html. All input files to fully reproduce the results can750

be found in Mosconi (2026).751

Conflict of Interest disclosure752

The authors declare there are no conflicts of interest for this manuscript.753

Acknowledgments754

Enter acknowledgments here. This section is to acknowledge funding, thank colleagues,755

enter any secondary a”liations, and so on.756

References757

Albertini, G., Lebihain, M., Hild, F., Ponson, L., & Kammer, D. S. (2021). E!ec-758

tive toughness of heterogeneous materials with rate-dependent fracture energy.759

Physical Review Letters , 127 (3), 035501.760

Andrews, D. (1976). Rupture velocity of plane strain shear cracks. Journal of Geo-761

physical Research, 81 (32), 5679–5687.762

Aochi, H., & Madariaga, R. (2003). The 1999 izmit, turkey, earthquake: Nonplanar763

fault structure, dynamic rupture process, and strong ground motion. Bulletin764

of the Seismological Society of America, 93 (3), 1249–1266.765

Barras, F., Aldam, M., Roch, T., Brener, E. A., Bouchbinder, E., & Molinari, J.-F.766

(2019). Emergence of cracklike behavior of frictional rupture: The origin of767

stress drops. Physical Review X , 9 (4), 041043.768

Barras, F., Geubelle, P. H., & Molinari, J.-F. (2017). Interplay between process769

zone and material heterogeneities for dynamic cracks. Physical review letters ,770

119 (14), 144101.771

Ben-Zion, Y., & Sammis, C. G. (2003). Characterization of fault zones. Pure and772

applied geophysics , 160 (3), 677–715.773

Bistacchi, A., Gri”th, W. A., Smith, S. A., Di Toro, G., Jones, R., & Nielsen, S.774

(2011). Fault roughness at seismogenic depths from lidar and photogrammetric775

analysis. Pure and Applied Geophysics, 168 (12), 2345–2363.776

–22–



manuscript submitted to JGR-Solid Earth

Brener, E. A., & Bouchbinder, E. (2021). Theory of unconventional singularities777

of frictional shear cracks. Journal of the Mechanics and Physics of Solids , 153 ,778

104466.779
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Introduction

The Supplementary Material contains:

1. Supplementary Text S1 describes the details of the numerical method and compu-

tational meshes.

2. Supplementary Text S2 describes the procedure for creating the rough fault surface.

3. Supplementary Text S3 describes the nucleation procedure.

4. Supplementary Table S1 presents the complete parameter configuration and setup

for the 3D dynamic rupture models.
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5. Supplementary Text S4 describes the details of the pore fluid pressure profile calcu-

lation.

6. Supplementary Text S5 describes the method for fracture mechanics analysis.

Text S1. Numerical method and computational mesh

For the numerical simulations conducted in this study, we leveraged the advanced com-

putational capabilities of SeisSol to capture the complex physical processes associated with

induced seismicity. We employed high-order basis functions with a polynomial degree of

p = 5, achieving O(h6) accuracy and double precision in both spatial and temporal wave

propagation for all simulations. This high spatial and temporal resolution is crucial for

accurately capturing the detailed spatiotemporal evolution of rupture processes. The fine

resolution is particularly important for modeling the variable cohesive zone size dictated

by our frictional parameterization and stress conditions. In particular, Wollherr et al.

(2018) proposed empirical criteria to adequately resolve the cohesive zone process based

on Ncsub
, the number of sub-element points per median cohesive zone, defined as:

N
sub

c
= Nc(p+ 1). (1)

Where Nc is the number of elements per median cohesive zone width and p is the

polynomial degree of the basis function. As highlighted in the main text (Figure 8), the

cohesive zone size varies with rupture speed; consequently, the number of points resolving

the cohesive zone changes accordingly. To account for this, we use the 10th percentile

of the median cohesive zone value (0.34 m) from the model with the lowest µd, which

corresponds to the smallest median cohesive zone size. With an on-fault discretization of

0.2 m, this results in Ncsub
= 10.2, which exceeds the threshold of Ncsub

> 9.9 reported by
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Wollherr et al. (2018) for the adequate resolution of the cohesive zone process. Therefore,

we ensure su!cient resolution of the slip velocity and stress fields at the rupture front,

which is essential for our analysis.

To optimize the computational process, we apply a scaling function to coarsen volume

mesh element size, implementing a linear decrease in element size with distance from

the fault plane, reaching 15 m element size at 250 m distance from the fault. SeisSol

is optimized for the latest GPU architectures (Dorozhinskii & Bader, 2021; Dorozhinskii

et al., 2024), enabling the use of a high-resolution mesh with approximately 35 million

elements on the newly developed Leonardo cluster at CINECA. Using 48 nodes, each

simulation ran for approximately 12 mins, achieving performance of 460 TFLOP/s.

Text S2 Rough fault surface

The non-planar fault geometry is modeled as a stochastic, band-limited self-a!ne ran-

dom field following the general framework described in Shi and Day (2013). In the spatial

domain, the fault topography can be mathematically defined by its height perturbations

h(x) relative to a reference nominal plane, where x = (x, y) denotes the two-dimensional

position vector along the fault surface. The surface morphology is statistically charac-

terized by its spatial pair correlation function →h(x)h(0)↑, which quantifies the geometric

dependence between the elevations of any two points separated by a spatial lag x.

The roughness power spectrum, or Power Spectral Density (PSD) function P (k), is

identified as the two-dimensional Fourier transform of the pair correlation function:

P (k) =
1

(2ω)2

∫∫ →

↑→
→h(x)h(0)↑e↑ikx

d
2x (2)
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where k = (kx, ky) represents the two-dimensional wavenumber vector. The power spec-

trum follows a characteristic power-law scaling behavior that dictates the energy distri-

bution across di”erent spatial scales:

P (k) = C0|k|
↑2(H+1) (3)

where k = |k| =
√
k2
x
+ k2

y
is the radial wavenumber magnitude, C0 is a scaling constant,

and H is the Hurst exponent (0 ↓ H ↓ 1) which governs the spectral fall-o” rate. A

perfectly self-similar fault topography is assumed by setting H = 1.

For practical computational setups, the generated random field is band-limited due to

discrete spatial resolution limits. The spectrum is truncated between a low-wavenumber

cuto” kmin = 2ω/εmax and a high-wavenumber cuto” kmax = 2ω/εmin. Finally, the abso-

lute scale of the topography is constrained using the root-mean-square (RMS) roughness

height hrms, which is dominated by the longest wavelengths of the self-a!ne spectrum and

follows the scaling law:

hrms = ϑε
H

max (4)

where ϑ is the non-dimensional amplitude-to-wavelength ratio. The empirical sample

standard deviation of the synthesized discrete array is linearly rescaled to exactly match

this target hrms value, yielding a physically consistent non-planar boundary condition for

dynamic rupture modeling.

Text S3. Nucleation procedure

In all models, the rupture is artificially nucleated at (x, z) = (0, 0) m using a small

circular patch with a radius of 1 m, where a Gaussian overstress of 5 MPa is superimposed

on the background initial shear stress, ϖ0. The use of such a small nucleation patch is made
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possible by the fluid-induced earthquake framework, in which elevated pore pressure at

the nucleation point reduces the e”ective normal stress. This facilitates rupture initiation

by allowing the rupture front to reach su!ciently high shear stress and accelerate during

the early stages of propagation.

Table S1: Summary of model parameters used in the 3D
dynamic rupture simulations.

Category Parameter Value(s) Unit
Elastic medium
Compressional wave velocity ϑ 2612 m s↑1

Shear wave velocity ϱ 1513 m s↑1

Density ς 2620 kg m↑3

Fault geometry
Fault type – Normal fault –
Dip angle – 60 deg
Fault dimensions L↔W 60↔ 50 m
Computational domain – 250↔ 250↔ 250 –
Fault roughness
Roughness model – Self-similar, band-limited –
Hurst exponent H 1.0 –
Minimum wavelength εmin 0.40 m
Maximum wavelength εmax 20, 25, 30, 35, 40 m
Amplitude-to-wavelength ratio ϑ 0.004, 0.006, 0.008 –
Number of realizations (seeds) – 31 per parameter set –
Stress conditions
Minimum horizontal stress Sh 20 MPa
Maximum horizontal stress SH 25 MPa
Vertical stress Sv 31 MPa
Initial normal stress (planar fault) φn 22.7 MPa
Initial shear stress (planar fault) ϖ0 4.7 MPa
Stress regime – Normal faulting (Sh < SH < Sv) –
Pore pressure
Pore-pressure field pf From TOUGH3–FLAC3D MPa
Injection configuration – Injection in the fault center –
Friction law
Constitutive law – Linear slip-weakening –
Static friction coe!cient µs 0.58 –
Dynamic friction coe!cient µd 0.20, 0.19, 0.17 –
Critical slip distance dc 0.6 mm
Rupture nucleation
Nucleation style – Forced overstress –

Continued on next page
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Table S1 – Continued from previous page
Category Parameter Value(s) Unit
Nucleation patch size – 1 m
Nucleation location – Fault center (injection point) –

Text S4. Fluid di!usion computation

In order to create realistic pressure conditions on the fault zone, we employ the software

TOUGH3-FLAC3D, that allows the simulation of coupled fluid flow and geomechanics

(Rinaldi et al., 2022). This approach aims at simulating complex non-linear behavior

potentially occurring in the vicinity of the injection point, as well e”ects of a packed

interval. The coupled approach allows us to account for full poroelasticity via porosity

evolution as well as variation of permeability as function of geomechanical parameters

(e.g. stress or strain). We develop a first-order model (50 m X 50 m X 50 m) with a

fault zone dipping 60°, 20 cm thick, and cutting through an homogenous medium. Initial

conditions follow the state of stress found at the BedrettoLab, with minimum horizontal

stress at 20 MPa, maximum horizontal stress at 25 MPa, and vertical stress at 31 MPa

for the injection region, as in the the dynamic rupture model configuration. The initial

pore pressure at the injection is set at 3.8 MPa. We impose constant stress and pressure

at all boundaries. In terms of rock properties, the fault zone is assumed weaker than the

surrounding formation, with a Young’s modulus of 5 GPa compared to 15 GPa of the host

rock. The Poisson’s ratio is set to 0.25 in the entire domain. We neglect poroelastic e”ects

by assuming a near-zero Biot’s coe!cient (0.001). The permeability of the fault zone is

assumed constant at 10↑15
m

2, representing a fractured region within homogeneous granite

with permeability set at 10↑18
m

2. The injection region at the center of the model is set

as a 1 m
2 patch, with permeability changing as a function of the normal e”ective stress.
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Porosity is set to 1% in the entire domain. We simulate 24 hours of injection at constant

flow rate (0.012 kg/s), simulating a constant pressure of about 14.5 MPa at the injection

point, and allowing fluids to propagate along the fault. In TOUGH3-FLAC3D, the given

conditions would reactivate the fault within the next numerical time step with a further

increase in pressure when assuming a fault zone with a friction angle of 31°, yielding a

static friction coe!cient of 0.6 very similar to the value adopted for dynamic simulations

(0.58). Hence, we stop our simulation at the time step before earthquake nucleation on

the fault would occur. The simulated pressure profile (Figure 1c) is then used as the

starting point for the dynamic rupture model and it is considered representative of key

physical conditions during direct injection into a fault zone.

Text S5. Fracture mechanics method

To estimate the rupture front energy balance of our 3D dynamic rupture models, for

spatially varying (not time-dependent) dynamic stress drop #ϖd(r), we can describe our

problem as a classical shear crack in the theory of Linear Elastic Fracture Mechanics

(LEFM). The same approach is already adopted in several works in the literature con-

cerning induced seismicity (Garagash & Germanovich, 2012; Galis et al., 2017; Ciardo &

Rinaldi, 2021; Saez & Lecampion, 2022). The fundamental concept introduced by LEFM

is that the advancement of the crack tip requires a balance between the strain energy

released in the body, due to the cracked surface (G0), which flows toward the crack tip,

and the energy dissipated to advance the crack tip itself (Gc). The energy balance can,

therefore, be formulated, in a static manner, as:
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G0 =
K

2
0

2µ↓ = Gc (5)

Where µ
↓ = µ in case of mode III direction and µ

↓ = µ/(1 ↗ ↼) in mode II direction,

with ↼ the Poisson coe!cient, while K0 is the static stress intensity factor that quantify

the intensity of the singular stress field in the vicinity of the crack-tip, that is for a

penny-shaped crack configuration (Rice, 1968):

K0(L) =
2

ω
↘
L

∫ L

0

#ϖd(↽)
↘
L2 ↗ ↽2

↽ d↽ (6)

here L is the crack radius and ↽ is the distance from the center of the crack, serving

as the integration variable. The fracture energy is related to the fracture toughness (Kc)

trough

Kc =
√

2µGc (7)

thus the rewritten energy balance in the Irwin’s form is K0 = Kc as adopted in the

main text analysis.
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